I N T RO DUC T ION
The relationship between a virus and the host cell is a complex one, in which the virus seeks to extort the maximum bene¢t from the cell's replicative machinery, while the cell strives to minimize the costs of infection. The interaction represents a classic, genetic con£ict of interest. Apoptosis, or`programmed cell death', plays an important part in the host cell's response to viral infection, whereby infected cells can commit suicide in order to reduce the host's total viral population. Preempting a cell's attempted suicide, some viruses are able to express genes that inhibit apoptosis. For example, the adenovirus E1B gene blocks apoptosis by binding to the cell's p53 tumour suppressor protein (Tollefson et al. 1996) ; the Epstein^Barr virus LMP-1 protein induces the expression of the host's bcl-2 protein (Gregory et al. 1991) ; baculoviruses express the gene, p35 and members of the`inhibitor of apoptosis' (iap) gene family (Clem et al. 1991) ; and the cowpox gene-product, CrmA is reported to inhibit Fas-, tumour necrosis factor and CTL-induced apoptosis, by inhibiting the activity of interleukin 1 converting enzyme (Ray et al. 1992) . The inhibition of apoptosis is thought to provide a virus with an opportunity to shift infection from an acute lytic form, to a non-lytic, persistent and latent infection over which the net virus productivity will be higher. Viruses can also stimulate cell death, for example, adenovirus E1A protein stabilizes P53, causing it to accumulate in the nucleus blocking the cell cycle (Lowe & Ruley 1993) ; and a virus-dependent stimulation of the TcR-CD3 complex onT lymphocytes, can induce apoptosis in HIV (Gougeon 1996) .
Unlike inhibition of apoptosis, stimulation is thought of as an inadvertent by-product of virus metabolism exploited by the host cell to reduce virus ¢tness. The ways in which the induction of apoptosis could be bene¢cial to the virus have been neglected, as apoptosis has been viewed as an e¤cient mechanism for killing infected cells while containing virion spillage (Clouston & Kerr 1985) . Similarly, the inhibition of apoptosis by the host cell has only recently been considered experimentally, as it would appear to give the virus enhanced opportunities for replication. However, alpha virus chimera over-expressing the anti-apoptotic gene, bcl-2, produce a signi¢cantly lower host mortality rate in infected mice by comparison with chimeric control mice (Levine et al. 1996) . The reduced mortality is attributed to reduced neural cell death. Thus, the natural history of the target-cell population is important in determining which apoptotic strategy the host should adopt. We can similarly ask whether there are cell populations in which apoptosis will be favoured by the virus to enhance virus ¢tness. Here, we present a model which shows how the evolutionarily optimal stimulation and inhibition of apoptosis is a function of host cell death rates and the dominant mode of viral replication, and how apoptotic strategies are likely to evolve di¡erently in cell populations with di¡erent life history parameters. Using a di¡erent model, Frost & Michie (1996) have attempted to assay the importance of apoptosis on the progressive decline of CD4+ cells in HIV infection.
We will be considering both heterophagic (type I) and autophagic (type II) apoptosis; all cases which involve genetic, and therefore potentially adaptive, mechanisms of active cell killing. Conventionally, type I apoptosis is seen in highly mitotic lines or the reticuloendothelial system, and involves nuclear collapse, condensation of chromatin and cell fragmentation.
Type II apoptosis is common in secretory cells, where the majority of cells die and the bulk of the cytoplasm is consumed by expansion of the lysosomal system (Zakeri et al. 1995) . These do not all involve the same process, indeed cell death is`likely to represent extremes of a graded series of physiological death' (Zakeri et al. 1995) , rather than distinct categories of mechanism.
. T H E MODE L
This section derives the di¡erent conditions under which we expect either viral induction or inhibition of apoptosis.
In the model we identify three variables: the free virus particles, v; uninfected cells, x; and infected cells, y (see Nowak & Bangham (1996) for a similar treatment of virus dynamics). We assume that the uninfected cells are produced at a constant rate, !, from a pool of precursor cells and die naturally at a rate 'x. Free virus interacts with the uninfected cells to produce infected cells at a rate xv. Infected cells die at a rate "y and are killed by the virus by lysis at a rate Ly. Free virus is produced by the infected cells by extrusion or secretion at a rate yY and by lysis at a rate kLy. The virus dies at a rate v. The model can thus be represented by the following system of ordinary di¡erential equations:
If the basic reproductive ratio of the virus (the number of secondary infections produced on average by each primary infection), is larger than one, then the system converges to the stable equlibrium values,
To investigate the evolution of lytic strategies we need to determine those values of L which maximize some measure of parasite ¢tness or host ¢tness; for example, how the rate of lysis in£uences the levels of free virus or the total number of cells which remain uninfected. That is to say, we require an understanding of how the equilibria are in£uenced by the value of L. We ¢nd that the behaviour of the equilibrium values depends crucially on the value of the parameter ÁY where
The right-hand side of the equation can be interpreted as the average number of virions produced per cell when there is no lysis (a"), minus the average number of virions produced per cell assuming replication through lysis alone (k). The sign and magnitude of Á therefore provides a measure of the relative contribution through these two modes of replication. We express the direction of evolution of the virus or host's cell death programme in terms of ÁX (i) If Á b 0 (i.e. extrusion and secretion are potentially more productive than lysis), then, as L increases
lysis is potentially more productive than extrusion and secretion), then, as L increases
where
Whether a virus or host stimulates (increases the parameter L) or inhibits (reduces the parameter L) apoptosis is found to be a function of the e¤ciency of lytic and non-lytic replication and the natural death rate of infected cells. Precisely which value of L is likely to be established by the virus or the host, will depend on the relative contributions to ¢tness of these two mechanisms of replication. For the virus, it is reasonable to assume in most cases that it will evolve to maximize ¢tness by maximizing the free virus level. Hence, when Á b 0Y it is in the virus's interest to minimize L, and hence, in any infection where a" b k, we expect to ¢nd virus mechanisms which act to inhibit apoptosis (¢gure 1c). Whereas when Á`0Y it is in the virus's interest to maximize L, and thus in infections where a"`k, we expect the virus to have evolved mechanisms to induce apoptosis (¢gure 1f,i).
The situation for the host is potentially more complex, as the host might bene¢t from maintaining a combination of both uninfected and infected cells. If infected cells are of little value to the host, then we assume that the host will try to maximize x*. Hence, when Á b 0Y the host cell will have evolved mechanisms to inhibit apoptosis (¢gure 1a), whereas when Á`0Y the host cell will attempt to undergo apoptosis when infected (¢gure 1d,g). If infected cells remain important to the host (as for example in the nervous system), and Á b 0Y an intermediate level of L will be best for the hostöthe precise value of which will depend on the relative contribution of the uninfected and infected cells to host ¢tness (¢gure 1a,b). However, when Á`0Y with the exception of a small range of parameter values (Á`Á c , the total number of host cells (both infected and uninfected) is going to be maximized by evolving mechanisms that inhibit apoptosis (¢gure 1d,e,g,h).
T H E PA R A M ET R IC DE PE N DE NC I E S OF A P OP TO S I S
We consider cases in which the virus or the host can evolve control of the parameter L, the rate of infected cell lysis. In ¢gure 1 the free virus, the population of susceptible cells and the population of infected cells are plotted against the lytic parameter L, for each of the conditions described in the preceding section. In all cases, the basic reproductive rate of the virus (R 0 ) is greater than one, but the equilibrium values change as the mean time to lysis decreases. We can now examine some instances of viral infection in an e¡ort to relate them to the predictions of the model.
The RNA virus Sindbis (SIN) is able to produce a fatal encephalitis which is persistent in neurons and lytic in the majority of vertebrate cell lines. The expression of bcl-2 by host cells is able to block virus-induced lytic replication in post-mitotic neurones (Levine et al. 1993) . The host is thought to promote viral persistence by inhibiting virus-induced suicide and thereby mitigates viral lytic potential. The over-expression of bcl-2 in a recombinant alpha virus chimera expressing the human bcl-2 protein, reduces host mortality and reduces the net viral titre (Levine et al. 1996) . Thus, host ¢tness is increased through the inhibition of apoptosis as a consequence of the reduced morbidity associated with nerve-cell preservation, and is maladaptive for the virus. From the perspective of the virus, we appear to be dealing with a case in which Á`0 X reduced lysis results in a reduced viral load. This will happen when extrusion is more productive than lysisX The SIN virus, in common with all alpha viruses, requires the presence of both nucleocapsids and virus encoded transmembrane glycoproteins for e¡ective extrusion through the cell plasma membrane. The lipid composition of the membrane must closely match that of the alpha virus, and this confers a degree of host speci¢city on a SIN infection. Thus, the alpha viruses have evolved elaborate mechanisms for budding from infected cells. From the perspective of the host, both the susceptible and infected cell populations contribute to ¢tness, and hence both of these cells should be preserved. From ¢gure 1d,e,g this would imply reducing the rate of lysis for most values of LX However, very low rates of lysis can under certain circumstances, decrease the population of infected cells (¢gure 1h), but this will be accompanied by an increase in the the uninfected cell population.
The 1 34X5 gene of herpes simplex virus 1 inhibits neuroblastoma cells from triggering the shut-o¡ of protein synthesis characteristic of programmed cell death, thereby allowing the virus to replicate. In contrast, viral mutants incapable of expressing 1 34X5 cause a shut-o¡ of protein synthesis (Chou & Roizman 1992) . Hence, cell death appears to be inhibited by the virus rather than by the host in the susceptible nerve cells. the reverse pattern to that observed with SIN. As " is a host-dependent factor and the cell tropism of these two viruses is similar, they must di¡er in the parameters, k or X The herpes virus is known to be able to bud e¤-ciently through the internal nuclear membrane and can be directed through the Golgi along pathways employed by soluble proteins. This suggests that the parameter is high. Also, nerve cells themselves have a relatively low death rate ". The ratio a" is therefore likely to be large as is predicted by Á b 0. However, to be certain that it is the virus inhibiting apoptosis, and not the host cell which is somehow bene¢ting, one would require a measure of kY the number of virions produced at lysis. The Epstein^Barr virus (EBV) is a human herpes virus able to establish a persistent asymptomatic infection in circulating B lymphocytes by entering into the memory B-cell pool. Expression of the full set of eight virus-coded`latent proteins' protects B cells from cell death and activates B-cell proliferation, while phenotypes expressing only one of the`latent proteins', nuclear antigen EBNA 1 remain sensitive to apoptosis. When EBV positive Burkitt's lymphoma (BL) cells, expressing all eight EBNAs, are placed in 10% (optimal) or 1% (suboptimal) foetal calf serum (FCS), cells grow to saturation density and no cells enter apoptosis. In contrast, cells expressing only EBNA 1 in 1% FCS rapidly enter apoptosis, while cells in 10% FCS grow to saturation (Gregory et al. 1991) . Thus, an increased host-cell death rate brought about by a suboptimal environment (1% FCS) is able to induce apoptosis in EBNA 1 clones of BL cells. BL cells are derived from within the germinal centres of lymphoid follicles, sites of rapid B-cell proliferation and death through clonal selection. Thus, in early B-cell development, " is likely to be high and viral load will increase with increasing rates of cell death (Á`0. Following transit through the proliferative cell compartment, " may reduce, and this would induce the virus to activate the full repertoire of eight EBNAs, inhibiting the sensitivity of the cell to apoptosis, and allowing it to enter into the long-lived B-cell pool in which a low rate of lysis will promote viral ¢tness (Á b 0. Thus EBV appears to be able to switch or evolve between di¡erent apoptotic strategies in response to a change in the death rate of its target cell.
The baculovirus, Actinomyces californica multiplyembedded nuclear polyhedrosis virus (AcMNPV), produces an acute disease with lysis within 72 hours of infection. The viral gene product p35 is transcribed on entry into the cell and is able to block the apoptotic response by the cells of the host organism Spodoptera frugiperda. In the larvae of S. frugiperda, BV p35 mutants have a 1000-fold higher LD50 than wild-type virus, and the titre of progeny BV in mutants defective in p35 is reduced by 100-fold, with occluded virus production eliminated completely (Clem et al. 1991) . These results suggest that we are dealing with Á b 0X In the late phase of infection, the virus egresses by extrusion, after interacting with gp64-rich sections of the plasma membrane. The rate of release increases exponentialy between 10 and 20 hours post-infection. This is consistent with remaining relatively high and k relatively low in the model. The avian retrovirus, avian haemangioma virus (AHV), is capable of inducing haemangiomas (vascular tumours composed of endothelial cells) in hens in vivo, while inducing a strong cytopathic e¡ect in cultured endothelial cells (Sela-Donenfeld et al. 1996) . The AHV glycoprotein gp85 is responsible for killing the host cell by apoptosis, and its e¤cacy is dependent on the proliferative state of the cell: quiescent G 0 /G 1 cells are more sensitive to AHV-induced apoptosis than actively dividing cells. Thus in AHV, there is a relationship between the cell cycle and the apoptotic strategy. If apoptosis in endothelial cells in tissue culture re£ects the outcome of virus evolution in restricted conditions (Sela-Donenfeld et al. 1996) associated with high death rates (high ", tumour cells with a typically protracted lifetime under normal conditions, will promote the strategy of virusinduced inhibition. This would indicate a shift from the high-lysis strategy under inequality Á`0 in culture, to the low-lysis strategy under inequality Á b 0 in cancer.
The protein, adenovirus death protein (ADP), is required for e¤cient lysis in adenovirus (Ad) infected cells: mutations in the ADP which render it nonfunctional (denoted adp), do not in£uence the replication rate of the virus, but cause it to lyse cells more slowly than the wild type (Tollefson et al. 1996) . Ad infected cells of the adp type, remain viable for much longer than the wild type ("4 4'), and become swollen with the virus, with little-to-no virus released by the cell into the surrounding cytoplasm. This describes a situation in which a" is very low. We deduce that Á`0, which would suggest that the virus has evolved the ADP in order to increase the rate of lysis and thereby maximize viral load; the opposite mechanism to that employed by AcMNPV with the p35 protein. Thus Ad, which seems incapable of e¤cient extrusion, has had to evolve a more cytopathic mechanism of replication than AcMNPV.
. C ONC LU SI ON S
We have presented a model of virus-induced cell death, in order to illustrate those conditions under which stimulation or inhibition of apoptosis are expected to be adaptive for a virus or a host. The model demonstrates that the strategy which the virus or host adopts depends on one predominantly hostdependent factor, cell death rate, and two virus-dependent factors, the rates of virion extrusion and secretion, and the e¤ciency of virus production during lysis. Dependent on these factors, there is a threshold across which virus ¢tness is maximized by adopting one of two opposite, apoptotic strategies directed towards the host cell. These strategies will di¡er among viruses and target cells, and will re£ect the outcome of a con£ict of interest between the host and the virus in which each is evolving cell-death related mechanisms to maximize its own ¢tness.
We have presented a number of examples for how one might think about apoptosis in the terms of the model. For most of the examples, crucial parameter values are unavailable and we are therefore unable to decide which party bene¢ts most from apoptosis. As a general rule of thumb, a virus will evolve towards increasing cytopathicity through lysis, when the mean lifetime of a cell is high and the rate of extrusion and secretion low. And a virus will evolve towards reduced cytopathicity, when the mean lifetime of the cell is low and the rate of extrusion and secretion is high. This has important parallels with the evolution of virulence (Anderson & May 1991) , in which a pathogen evolves towards that level of virulence which maximizes its own reproductive success, and not as was traditionally argued, towards that level which maximizes the ¢tness of the coadapted pathogen^host complex. As in the evolution of virulence, co-infection is likely to be important in a virus's apoptotic strategy. In terms of the model, co-infection might have the e¡ect of raising the parameter " for a co-infecting virus, and thereby cause it to switch from a latent, persistent strategy in which it inhibits apoptosis, to an acute one in which it induces apoptosis. This need not imply that the virus has some means of gauging cell death rates, and does not require that the virus recognizes the presence of another virus species sharing the same cell. It merely states that evolution upon a background of co-infection (an elevated death rate), will drive virus evolution towards an earlier induction of cell death.
Of key importance is how the model might be tested experimentally. There are two strategies available: the ¢rst involves estimating the three parameters and then manipulationg the rate of lysis, and recording the e¡ects on the virus population and host phenotype. The second strategy requires manipulating the individual parameters and by calculating Á, predicting the course of virus evolution. Levine et al. (1993) have come closest to the ¢rst approach, in which bcl-2 was over-expressed in an alpha virus chimera, leading to a reduction in viral titre and host mortality. Here apoptosis is clearly of value to the virus and not to the host. Unfortunately, even in this case, data on the lifetime of the infected and uninfected cells, and the number of virions produced during lysis are unavailable. If they were, it would provide a critical test of the model, which predicts that Á`0. In the second approach, the model predicts that the use of agents which reduce the e¤ciency of budding, should favour the evolution of more cytopathic viruses, while agents which reduce the e¤ciency of lysis, should favour the evolution of less cytopathic viruses. Thus, cell death is not manipulated directly as in the example by Levine et al. (1993) , but through the parameters identi¢ed as important by the model.
We have not considered explicitly the relative generation times of the virus or the host, which are likely to in£uence the rate at which the populations evolve towards their optimal strategies. Viruses have a far higher mutation rate than their hosts and a much shorter generation time, and this would seem to give them the advantage in the arms race. However, the host genome is more complex and may store variability to be shu¥ed during recombination events, or have evolved facultative responses to virus infections. Without a detailed knowledge of the particular host and pathogen genetics, it will be di¤cult to determine the constraints imposed on the evolution of apoptotic mechanisms. We have therefore chosen to describe the competing behaviours of the host cell and of the virus which would maximize their respective ¢tnesses, assuming that either one or the other were capable of complete control.
The facilities viruses have evolved for regulating cell death are not unique among pathogens. It has been noted that cell death is a feature of several singlecelled eukaryotes, including the kinetoplastid parasite, Trypanosoma cruzi (Amesein et al. 1995) , in which apoptosis could have evolved to allow selection of the ¢ttest cell in a colony (Amesein 1996) , for inclusion of the best cells into a primordial germ line, or as a means of controlling their own parasite infestations. The bacterial pathogens, Shigella, Salmonella and Pseudomonas are able to in£uence host cell apoptosis by producing a diversity of proteins, including IpaB (in the case of Shigella) which binds to interleukin 1--converting enzyme, intiating apoptosis (Finlay & Cossart 1997) . In all of these cases, the replicative gains accruing from subverting or initiating cell death would have provided a signi¢cant selective advantage to an obligate parasite. Our objective has been to provide an evolutionary framework for interpreting the many cases of virus-induced apoptosis, and consequently a means of deciding which party has gained the (temporary) advantage in the evolutionary arms race. D. C. K. is funded by the MRC and R. J. H. P. by the NERC. We thank Martin Nowak and two referees for their comments on the manuscript. This work was completed while D. C. K. was at the Aspen centre for physics.
A PPE N DI X 1
Here we investigate how the equilibrium values of x*, y*, and v* (as given in equations (1)^(3)) depend on LX The derivatives with respect to L of the three state variables at equilibrium are given by
where Á a" À kX Note that,
sign dv* dL ÀsignÁX
The behaviour of y*L is less obvious. Extrema can exist if dy*adL 0 has solutions, that is, if,
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